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Abstract
The CP-violating weak phase φs and the decay width diﬀerence ΔΓs of Bs mesons are measured by the CMS
experiment at the LHC using a data sample of Bs→J/ψ(μ+μ−)φ(K+K−) decays. The analysed dataset corresponds to
an integrated luminosity of about 20 fb−1 collected in pp collisions at a centre-of-mass energy
√
s =8 TeV. A total of
49 000 reconstructed Bs decays are used to extract the values φs and ΔΓs by performing a time-dependent and ﬂavour-
tagged angular analysis of the μ+μ−K+K− ﬁnal state. The weak phase is measured to be φs = −0.03 ± 0.11 (stat.) ±
0.03 (syst.) rad, and the decay width diﬀerence between the Bs mass eigenstates is ΔΓs = 0.096 ± 0.014 (stat.) ±
0.007 (syst.) ps−1.
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1. Introduction
The weak Bs meson decay phase φs and the decay
width diﬀerence ΔΓs between the light and heavy Bs
mass eigenstates have been studied. The weak phase
φs stems from the interference between direct Bs meson
decays into a CP eigenstate and decays through mixing
to the same cc¯ss¯ ﬁnal state. Neglecting penguin diagram
contributions, the measured weak phase φs is related to
the elements of the CKM matrix, as: φs  −2βs, where
βs = arg(−VtsV∗tb/VcsV∗cb). The prediction for 2βs, de-
termined via a global ﬁt to experimental data within the
SM, is 2βs = 0.0363+0.0016−0.0015 rad [1]. The value is pre-
cisely predicted to be close to zero and a deviation from
the prediction might indicate physics beyond the Stan-
dard Model (SM) contributing in the Bs mixing. The
theoretical prediction for ΔΓs, assuming no new physics
in Bs mixing, is ΔΓs = 0.087 ± 0.021 ps−1 [2].
Final states with a non-deﬁnite CP state require an
angular analysis to disentangle the CP-odd and CP-even
components of the ﬁnal state. The time-dependent an-
gular analysis is performed by measuring the decay an-
gles of the ﬁnal state particles in the transversity basis
[3]. Here the ﬁnal state J/ψφ(1020) (P-wave) is anal-
ysed, and possible additional contributions to the mea-
surement from the non-resonant channel Bs → J/ψKK
(S-wave) are also considered.
The angles θT and ϕT are the polar and azimuthal
angles of the μ+ in the rest frame of the J/ψ, respec-
tively, where the x axis is deﬁned by the direction of the
φ(1020) meson in the J/ψ rest frame, and the x-y plane is
deﬁned by the decay plane of the φ(1020)→K+K−. The
helicity angle ψT is the angle of the K+ in the φ(1020)
rest frame with respect to the negative J/ψ momentum
direction.
The diﬀerential decay rate of the Bs→J/ψφ(1020)in
terms of proper decay length and angular variables is
represented as [4]:
d4Γ(Bs)
dΘdct
= f (Θ, α, ct) ∝
10∑
i=1
hk(ct) · fk(Θ), (1)
where hk are the time-dependent functions, fk are
the angular functions, Θ represents the angles, and
ct is the proper decay length of the Bs meson. The
adopted model uses the same notation of LHCb [5],
and a detailed description of the signal model can be
found therein. No direct CP violation is assumed here,
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consistent with the results in Ref. [6].
A detailed description of the CMS detector can be
found in Ref. [7].
2. Event selection and simulated samples
The analysed events were selected by a trigger which
was designed to select displaced J/ψ with an invariant
mass within [2.9 - 3.3] GeV and a transverse momentum
greater than 6.9 GeV. The J/ψ is reconstructed using
muons with a transverse momentum greater than 4 GeV.
Oﬄine selection criteria are at least as tight as the
trigger selection. Dimuon candidates are kept if their in-
variant mass lies within 150 MeV of the world-average
J/ψ mass [8]. Candidate φ(1020) mesons are recon-
structed from pairs of oppositely charged tracks with pT
> 0.7 GeV, after removing the muon candidate tracks
forming the J/ψ. Each selected track is assumed to be a
kaon and the invariant mass of a track pair is required to
be within 10 MeV of the world average φ(1020)-meson
mass [8].
The Bs candidates are formed by combining a J/ψ
with a φ(1020) candidate. The two muons and the two
kaons are ﬁtted with a combined vertex and kinematic
ﬁt, constraining the dimuon invariant mass to the nom-
inal J/ψ mass [8]. A Bs candidate is selected if the χ2
vertex ﬁt probability is larger than 2%. In case of multi-
ple primary vertices, the one which minimises the angle
between the Bs ﬂight direction and the momentum of the
Bs is selected. For events with more than one Bs candi-
date, the candidate with the highest vertex ﬁt probability
is selected.
Simulated events are produced using the PYTHIA6.4
Monte Carlo event generator interfaced with the EVT-
GEN package for modelling the B decays. The Bs sig-
nal decays are simulated with the EvtPVVCPLH mod-
ule. The events are then passed through a full CMS
detector simulation. The simulated samples, validated
through comparison with the data, are used to deter-
mine the signal reconstruction eﬃciencies, and to es-
timate the background components in the signal mass
window. The three-dimensional angular eﬃciency cor-
rection histograms obtained from simulations are ﬁtted
with a three-dimensional function of the angular vari-
ables in order to take into account the cross terms be-
tween the angular observables.
The proper decay length, ct, is required to be larger
than 200 μm in order to avoid a lifetime bias due to the
turn-on curve of the trigger eﬃciency.
The mass distribution of the signal region is shown in
Fig. 1, and the proper decay length distribution and its
uncertainty in Fig. 4.
KK invariant mass [GeV]ψJ/
5.25 5.3 5.35 5.4 5.45
E
ve
nt
s 
/ (
 0
.0
03
12
5 
G
eV
 )
0
1000
2000
3000
4000
5000
6000
7000
-1=8 TeV   L=20 fbs
CMS Preliminary 2012 data
Total fit
Signal fit
Background fit
Figure 1: The mass distribution of the J/ψKK candidates. The full
line is a ﬁt to the data (solid markers), the dashed green line is the
ﬁtted signal and the dashed red line is the ﬁtted background.
3. Flavour tagging
Flavour tagging infers the ﬂavour of the Bs at produc-
tion time. This information improves the sensitivity on
the φs phase. Since the vast majority of b quarks are pro-
duced as bb¯ pairs, the ﬂavour of Bs can be measured on
a statistical basis using the charge of the opposite side B
decay products. The tagging tool provides the ﬂavour of
the signal Bs and the mistag fraction ω, which tells what
is the fraction of wrong tags. The wrong tag fraction
ω is calculated as ratio between the number of wrong
tags and the total number of tag. In the present analysis
an opposite-side lepton (μ,e) tagger has been used. For
each event the lepton with the highest pT in the event is
used. If no lepton information has been retrieved the tag
information is set to zero.
The tag lepton selection is optimised so that the
power of tagging Ptag = 
tag(1 − 2ω)2, where 
tag is
the eﬃciency of tagging, is maximised separately for
tag electrons and tag muons. The optimisation of the
tagging power of each tagger (μ,e) is obtained using Bs
simulations and varying the topological and the kine-
matic selection of the leptons.
The ﬂavour tagging is measured from the data using
the self-tagging channel B+→ J/ψK+. The tagging per-
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Figure 2: The wrong tag fraction ω as function of lepton pT, for the muon tagger (left) and for the electron tagger (rigth). The points obtained from
Bs simulation (red), B+ simulation (blue) and B+ data are shown. The continous lines are the relative parametrisations.
formance of simulated B+ and Bs events is compared
with the B+ data and found to be consistent. The B+ sig-
nal is selected with cuts as similar as possible to those
applied to the signal sample.
In order to increase the sensitivity on φs, the mistag
fraction is binned and parametrised as a function of pT
of the lepton. If multiple tag leptons are found in the
event, the tagger with the lowest ω(pT) is selected. The
fraction of events with both an electron and a muon tag
is about 2.9%. The mistag fraction is assigned to all the
tagged events using the parametrisations obtained for
electrons and muons in B+ data. The measured wrong-
tag fraction distribution is then implemented in the ﬁt
model used to extract the value of φs. The wrong tag
fraction ω(pT) and the parametrisation measured in the
simulations and in data are shown shown in Fig. 2.
The opposite-side lepton tagger has been also tested
on a data sample of reconstructed B0 → J/ψ(μμ)K∗(Kπ)
decays. The reconstruction and selections are chosen to
be as similar as possible to the ones used in the Bs analy-
sis. The raw mixing asymmetry has been measured and
is shown in Fig. 3. A clear oscillation due to the B0-B0
mixing is visible. The oscillation amplitude is damped
by a combination of the initial ﬂavour dilution and the
ﬁnal ﬂavour dilution where the latter is due to misiden-
tiﬁcation of the K∗ decay products. The combined aver-
age tagging performance with the electron and the muon
tagger is ω = (32.2 ± 0.3)%, 
tag = (7.67 ± 0.04)% and
Ptag = (0.97 ± 0.03)%, where the uncertainties are sta-
tistical.
4. Maximum likelihood ﬁt
An extended unbinned maximum likelihood ﬁt to the
data is performed by including information on the in-
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Figure 3: The raw mixing asymmetry of the B0 meson measured using
the opposide-side lepton tagger.
variant mass (m), proper decay length (ct), the three
decay angles (Θ) of the reconstructed Bs candidates,
and the proper decay length uncertainty (σct) obtained
by propagating the uncertainties of the proper decay
length measurement. From this multi-dimensional ﬁt,
the physics parameters of interest ΔΓs, φs, the Bs mean
lifetime cτ, |A⊥|2, |A0|2, |AS |2, and the strong phases δ‖,
δ⊥ and δS⊥ are determined.
The event likelihood function L can be expressed as
L = Lsignal + LBG , (2)
Lsignal = NS ·
(
f˜ (Θ, α, ct) ⊗G(ct, σct) · 
(Θ)
)
·
PS (mBs ) · PS (σct) · PS (ξ) ,
LBG = NBG · PBG(cos θT , φT ) · PBG(cosψT ) ·
PBG(ct) · PBG(mBs ) · PBG(σct) · PBG(ξ) ,
where Lsignal is the probability density function (PDF)
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Figure 4: The proper decay length distribution (left) and the proper decay length uncertainty (right) of the Bs candidates. The full line is a ﬁt to
the data (solid markers), the dashed green line is the ﬁtted signal and the dashed red line is the ﬁtted background. For the proper decay length
distribution the pull between the histogram and the ﬁtted function is displayed in the histogram below.
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Figure 5: The angular distributions (cos θT , cosψT , ϕT ) of the Bs candidates. The full line is a ﬁt to the data (solid markers), the dashed green line
is the ﬁtted signal, and the dashed red line is the ﬁtted background.
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that describes the signal model and LBG describes the
background contributions. The PDF f˜ (Θ, α, ct) is the
diﬀerential decay rate f (Θ, α, ct) function deﬁned in
Eq. 1 modiﬁed to include the ﬂavour tagging informa-
tion and the dilution term (1 − 2ω), which are applied
to each of the ci and di terms of the equation. In the
model f˜ the δ0 is set to zero, and the diﬀerence of phases
δS − δ⊥ is ﬁtted with a unique variable δS⊥ to reduce the
correlation among the ﬁtted parameters. Here 
(Θ) is
the angular eﬃciency function and G is a Gaussian res-
olution function, which makes use of the event-by-event
proper decay length uncertainty σct scaled by a factor κ ,
which is a function of ct. The κ factor is a scale factor in-
troduced to correct the proper decay length uncertainty
in order to resemble the actual resolution. It is mea-
sured in simulated samples assuming that the κ factor is
the same as in data.
The signal mass PDF PS (mBs ) is given by the sum
of three Gaussian functions with a common mean. The
background mass distribution PBG(mBs ) is described by
an exponential function. The background proper decay
length component PBG(ct) is described by the sum of
two exponential functions. The angular part of the back-
ground PDFs PBG(cos θT , φT ) and PBG(cosψT ) are de-
scribed analytically by a series of Legendre polynomi-
als for cos θT and cosψT and sinusoidal functions used
for the angle ϕT . For the cos θT and φT variables a two-
dimensional PDF is used to take into account the cor-
relation among the variables. The proper decay length
uncertainty signal PDF PS (σct) is a sum of two Γ func-
tions. The proper decay length uncertainty PDF for the
background PBG(σct), is represented by a single Γ func-
tion. The PS (ξ) and PBG(ξ) are the tag decision ξ PDFs
which have been obtained from the ﬁtted data sample.
The tag ξ can take values ±1 and 0.
5. Results
The ﬁt is applied to the sample of 70 000 events, se-
lected in the mass range [5.24 − 5.49] GeV and proper
decay length range [200−3 000] μm. The Δms has been
constrained in the ﬁt to the current world average value
(17.69±0.08)×1012 /s [8]. TheΔΓs is constrained to be
positive [9]. The ﬁt results are given in Table 1, where
the uncertainties are statistical only. The observed dis-
tributions and the ﬁt projections are shown in Figs. 1, 4,
and 5. The 68%, 90% and 95% Conﬁdence Level (C.L.)
likelihood contours of the ﬁt for φs and ΔΓs are shown
in Fig. 6.
Parameter Fit result
|A0|2 0.511 ± 0.006
|AS |2 0.015 ± 0.016
|A⊥|2 0.242 ± 0.008
δ‖ [rad] 3.48 ± 0.09
δS⊥ [rad] 0.34 ± 0.24
δ⊥ [rad] 2.73 ± 0.36
cτ [μm] 447.3 ± 3.0
ΔΓs [ps−1] 0.096 ± 0.014
φs [rad] −0.03 ± 0.11
Table 1: Results of the ﬁt to the 2012 data. Only the statistical uncer-
tainties are given in the table.
6. Systematic uncertainties
The systematic uncertainties are summarised in Ta-
ble 2. The overall uncertainties of the φs and ΔΓs re-
sults are dominated by statistical uncertainties. The sys-
tematic uncertainty associated with the hypothesis of a
ﬂat proper decay length eﬃciency is evaluated by ﬁt-
ting the data with the a proper decay length eﬃciency
which takes into account a small contribution of the de-
cay length signiﬁcance cut at small ct and a ﬁrst order
polynomial variations at high ct.
The uncertainties associated with the variables
of the three-dimensional angular eﬃciency function
cos θT , ϕT , and cosψT are propagated to the ﬁt results by
varying the corresponding parameters within their sta-
tistical uncertainties and accounting for the covariances
among the parameters. The systematic uncertainty due
to a small discrepancy in the kaon pT spectrum be-
tween the data and the simulations is evaluated by re-
weighting the simulated kaon pT spectrum to agree with
the data. The intrinsic biases of the ﬁt model are taken
into account as a systematic eﬀect.
The uncertainty in the proper decay length resolu-
tion associated with the proper decay length uncertainty
scale factor κ is propagated to the results. Since the κ(ct)
factors are obtained from simulation, the associated sys-
tematic uncertainty is assessed by using a sample of
prompt J/ψ decays obtained with an unbiased trigger
and comparing them to similarly processed simulated
data. The likelihood does not contain a PDF model for
the mistag distribution. Therefore a systematic uncer-
tainty arising from this source is estimated. The sys-
tematic uncertainty due to tagging is assessed by prop-
agating the statistical and systematic uncertainty of the
ω(pT ) parametrisation to the results.
The various hypotheses that have been assumed when
building the likelihood function are tested by generating
simulated pseudo-experiments with diﬀerent hypothe-
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Source of uncertainty |A0|2 |AS |2 |A⊥|2 ΔΓs [ps−1] δ‖ [rad] δS⊥ [rad] δ⊥ [rad] φs [rad] cτ [μm]
Statistical uncertainty 0.0058 0.016 0.0077 0.0138 0.092 0.24 0.36 0.109 3.0
Angular eﬃciency 0.0060 0.008 0.0104 0.0021 0.674 0.14 0.66 0.016 0.8
|λ| as a free parameter 0.0001 0.005 0.0001 0.0003 0.002 0.01 0.03 0.015 -
Model bias 0.0008 - - 0.0012 0.025 0.03 - 0.015 0.4
Kaon pT re-weighting 0.0094 0.020 0.0041 0.0015 0.085 0.11 0.02 0.014 1.1
Proper decay length resolution 0.0009 - 0.0008 0.0021 0.004 - 0.02 0.006 2.9
PDF modelling assumptions 0.0016 0.002 0.0021 0.0021 0.010 0.03 0.04 0.006 0.2
Flavour tagging - - - - - - 0.02 0.005 -
Background mistag modelling 0.0021 - 0.0013 0.0018 0.074 1.10 0.02 0.002 0.7
Proper decay length eﬃciency 0.0015 - 0.0023 0.0057 - - - 0.002 1.0
Total systematic uncertainty 0.0116 0.022 0.0117 0.0073 0.684 1.12 0.66 0.032 3.5
Table 2: Summary of the uncertainties. If no value is reported, then the systematic uncertainty is negligible with respect to the statistical and other
systematic uncertainties. The total systematic uncertainty is the square root of sum of squares of the listed systematic uncertainties.
ses in the generated samples and ﬁtting the samples with
the nominal likelihood function.
Finally the hypothesis that |λ| = 1 is tested by leav-
ing that parameter free in the ﬁt. The obtained value of
|λ| agrees with one within one standard deviation. The
diﬀerences found in the ﬁt results with respect to the
nominal ﬁt are used as systematic uncertainties.
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Figure 6: The 68%, 90% and 95% C.L. contours in the ΔΓs versus φs
plane, together with the SM ﬁt prediction. Uncertainties are statistical
only.
7. Conclusions
Using the 2012 CMS data approximately 49 000 Bs
signal candidates were reconstructed and used to accu-
rately measure the weak phase φs and the decay width
diﬀerence ΔΓs. The analysis was performed by using
opposite-side lepton tagging of the Bs ﬂavour at the pro-
duction time. The measured values are:
φs = −0.03 ± 0.11 (stat.) ± 0.03 (syst.) rad ,
ΔΓs = 0.096 ± 0.014 (stat.) ± 0.007 (syst.) ps−1 ,
which are in agreement with the previous measure-
ments and with the SM ﬁt prediction. The ΔΓs is con-
ﬁrmed to be non-zero.
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